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Samarium hexaboride (SmB6) has been presumed to show a topological Kondo insulating state
consisting of fully occupied quasiparticle bands in the concept of a Fermi liquid. This gap emerging
below a small coherence temperature is the ultimate sign of coherence for a many-body system,
which in addition induces a non-trivial topology. Here, we demonstrate that just one energy scale
governs the gap formation in SmB6, which supports the Fermi liquid description. The temperature
dependence of the gap formation in the mixed valence regime is captured within the dynamical mean
field (DMFT) approximation to the periodic Anderson model (PAM). The scaling property of the
model with the topological coherence temperature provides a strong connection to the photoemission
spectra of SmB6. Our results suggest a simple way to compare a model study and an experiment
result for heavy fermion insulators.
The interplay of topology and correlation effects has
led to generalizations of the concept of topological in-
sulators [1, 2], that is, to symmetry protected topolog-
ical states (SPT) [3]. For given symmetries, it is nec-
essary that the bulk has a unique gaped ground state
but that the surface reveals gap-less edge states pro-
tected by the symmetries. Topological Kondo insulators
(TKI) [4, 5] are an example of a time reversal SPT state.
Here, correlation effects are dominant in the formation of
the low-energy quasiparticle excitations, but the ground
state itself is believed to be adiabatically connected to
a Fermi liquid. In this sense, one can make a link to
non-interacting systems, and take over our understand-
ing of the Z2 classification [6] to this class of correlated
materials.
The basic understanding of the renormalized f states
is substantially established in the local moment regime
of the single impurity Anderson model (SIAM). When
the local moments of localized f states are antiferromag-
netically coupled with conduction electron states, they
become quasiparticle states in the Landau Fermi liq-
uid scheme. This local Fermi liquid phase emerges as
a crossover, which smoothly happens without any phase
transition [7–9]. Moreover, the physical properties fol-
low universal functions on one energy scale, which is
the Kondo temperature TK . It implies that the phys-
ical properties can be written in terms of T/TK [10].
Other crossover parameters for the paramagnetic ground
states in the periodic Anderson model (PAM) have also
been studied when the screened local moments, which are
positioned on a lattice, form coherent Bloch-like states
[7, 11–16]. The coherent states can be clearly identified
below the coherence temperature Tcoh, which is typically
smaller than TK [13, 14].
Because PAM may result in different ground states
and phases, there are different characteristic tempera-
tures. However, for a simple Fermi liquid ground-state,
the concept of Tcoh describes the emergence of the coher-
ent quasiparticle band, especially for the mixed valence
regime [7, 8, 16]. In this regime, the local moments are
not clearly defined and charge fluctuations play an impor-
tant role as much as spin fluctuations. Due to the charge
fluctuations, spectral weight is redistributed across the
gap, which has been experimentally and theoretically
observed for samarium hexaboride (SmB6) [16–18]. In
model studies using dynamic mean-field theory (DMFT)
approaches, a finite electron-electron coulomb interaction
U , which is comparable to the single particle energy εf of
the occupied f state, is required to describe the electronic
structure of the homogeneous mixed valent SmB6.
Whereas qualitative and conceptual comparisons be-
tween model studies and experiments have been already
made [8, 16, 17], a detailed quantitative analysis is ham-
pered by the complexity of the real system. Firstly it
is difficult to extract the necessary model parameters
from the complicated photoemission final state features
[17, 19–21]; secondly, given a minimal set of parameters,
there is a considerable uncertainty in the determination
of reliable and unambiguous values for each of the param-
eters in this large parameter space. Due to the physical
nature of the crossover transition, there is, thirdly, a cer-
tain freedom in defining the actual quantitative crossover
temperature, e.g. TK , Tcoh, etc., depending on the re-
spective physical properties [7, 9, 10]. As a result, it is
in general rather ambiguous to connect the temperature-
dependent theoretical with the experimental results for
such systems.
For the insulating cases, Tcoh marks the temperature
scale at which the gap opens. Thus, many physical prop-
erties will also show drastic changes at Tcoh, and it can be
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2connected to the topological phase because the Z2 topo-
logical indices [6] are defined after the coherent renormal-
ized f band with odd parity has formed [16, 22, 23].
Since the emergent topological band structure is noth-
ing else but evidence for coherence, we can use the net
polarization of the topological surface states to define
Tcoh in the model calculations [24]. One can define a
pseudo-spin Hall conductivity that takes the value of
unity at zero temperature in the insulating state, thereby
defining a topological index N2 [16, 23]. Topological co-
herence temperature TN corresponds to the temperature
scale at which the index N2 takes the value of half, i.e.
the pseudo-spin of the topological surface states becomes
half of the full net polarization. With the definition of
TN, a unifying crossover parameter can be defined to
describe both the lattice coherence and the topological
phase. Moreover, scaling behavior with TN can appear
for both the local-moment and the mixed-valence regimes
[16].
Thus, we would like to investigate the existence of
the energy scale in the photoemission spectra of SmB6.
SmB6 is a paramagnetic bulk insulator with a smooth gap
opening related to f bands [25, 26]. Consistency might be
obtained by finding an appropriate energy scale shared
by both theory and experiment. After showing the re-
sults of the scaling, we will discuss the indication of the
scaling with Tcoh.
Theoretical studies on the temperature dependence of
the electronic structure for a mixed valent insulator in
2D square lattice were carried out based on the DMFT.
The numerically exact CT-HYB quantum Monte Carlo
algorithm is applied to solve the auxiliary impurity prob-
lem. For the study of the mixed valence regime, we use
tight binding bands with the same input parameters as
in the Ref [16], which are normalized with the conduc-
tion hopping parameter t, e.g. U/t = 5.0, εf/t = −6.0,
the hybridization V/t = 0.4, etc. The parameter set
gives TN/t = 0.21. The high resolution photoelectron
spectroscopy (PES) experiments were carried out at the
UE112-PGM-1b (“13”) beamline of BESSY II using a
Scienta R4000 analyzer at 3 K≤T exp≤ 60 K [18]. The
excitation photon energy was hν= 70 eV, whose constant
energy map at EF covers kz = 6pi/a in normal emission,
with the energy resolution of 7 meV.
Fig. 1 shows how signatures of coherency appear in the
mixed valent insulator by comparing the theoretical spec-
tral functions at temperatures above and below TN. The
temperature dependent d and f spectral weights obtained
from DMFT studies are shown on the left and right pan-
els, respectively (See Ref. [16, 23] for details). Two main
changes appear as one crosses the temperature scale TN,
Fig. 1 (a) and (b). One is that the gap is getting more
pronounced, and the other is that the f and d spectra
becomes more similar to each other. Close to EF, the
f features are getting blurred at T >TN (Fig. 1 (a, right)),
whereas they have reduced intensity at T <TN (Fig. 1 (b,
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Figure 1. (Color online). Single-particle spectral functions
in the mixed valence regime above and below the topological
coherence temperature TN. Left and right panels show the
conduction d and localized f spectral weight, respectively.
(a) Above TN, the f spectral weights are strongly diffused.
The blurred f features strongly contribute to the total spec-
tral weight in the gap region. (b) Below TN, the f spectral
weight in the gap region is dramatically reduced, and the
f dispersion becomes clearer. Moreover, the dispersions of
the d and f features become identical, which is a result of the
strong character mixing.
right)). The reduced spectral weight in the gap region has
been already observed in other PES investigations [27–
30]. In addition, the band dispersions of heavy f states
and itinerant d states change as a function of the temper-
ature. Above TN, d and f spectral weights are strongly
dispersing and flat bands, respectively, whereas below
TN they become more similar to each other. This is due
to hybridization, which gives rise to the character mix-
ing of f and d. We note that in the model calculations
the hybridization between the f and d states is given by
V (k) ·σ, where σ is a vector of Pauli spin matrices. Time
reversal symmetry requires V (k) to be odd, such that the
hybridization vanishes at time reversal momenta. This
explains in particular the loss of spectral weight at the
high symmetry points (0, 0), (0, pi) and (pi, pi) at low tem-
peratures.
Fig. 2 shows the temperature-dependence of the f and
d density of states (DOS) as a function of energy scaled
by TN (w/TN) [16]. In the insets, the occupation num-
bers nf and nd of each DOS are depicted as a function
of T/TN in the colors corresponding DOS lines. Fig. 2 (a)
shows the occupied f -DOS near EF, which is related to
the upper Hubbard band, and Fig. 2 (b) shows the occu-
pied d -DOS, which originates from the 2D conduction
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Figure 2. (Color online). Temperature dependence for density
of f and d states are shown in Fig. 2 (a) and (b), respectively.
The energy is scaled with TN. In the same colors used for
DOS lines, the corresponding occupation numbers for f and
d states are shown as a function of T/TN in the insets. (a) As
seen already in Fig. 1, the gap, whose character mainly origi-
nates from f states at high temperatures, becomes clearer and
deeper with decreasing temperature. Note that at T ≤TN the
spectral weights inside the gap, and the occupation numbers
of f and d states start to saturate (insets).
band. Both f - and d - DOS are only broadened due to
the imaginary part of the self-energy. (The wiggling fea-
tures in Fig. 2 (b) are reminiscent of finite k-mesh used
in the DMFT calculations). The spectral weight in the
gap region (|w/TN | ≤ 1) clearly reduces with decreas-
ing temperature. We note that at T =TN the intensity at
EF is saturated in both f - and d- DOS. Moreover, the oc-
cupation numbers of f and d states are almost saturated
to the maximum and minimum occupations, respectively.
Thus, TN is the crossover point when the gap is clearly
open while the charge transfer between f and d states is
saturated because both states are strongly intermixed.
Based on the results from theory, we search for a cor-
responding energy scale of T expcoh for SmB6 as determined
from experiments. In addition to recent high resolution
PES studies showing the gap opening below 60 K [18, 31],
various other experiments have revealed a similar char-
acteristic temperature of ∼ 50 K [25, 26, 32–49]. In par-
ticular, the signature of T expcoh can be estimated from the
XAS results by taking the saturation point (∼ 50 K) in
the temperature-dependent Sm valence [44]. Since TN is
positioned near the saturation region as shown in the
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Figure 3. (Color online). Comparison of the PES spectra of
SmB6 with the theoretical DOS after scaling with the corre-
sponding Tcoh. (a) The angle-integrated spectra of SmB6 are
divided by the Fermi-Dirac function [18]. The energy axis is
reduced by the coherence scale determined from experiments
(T expcoh = 50K). (b) Reconstructed spectra from theoretical
calculation, considering Fermi-Dirac distributions and total
experimental resolutions (see text), in order to compare with
the experiment spectra (a). The f peaks in (a) and (b) appear
at a similar position. Moreover, the gap regions show similar
temperature dependence.
insets of Fig. 2, the coherence temperature of SmB6 is
determined to be T expcoh ∼ 50 K.
Fig. 3 (a) shows the angle-integrated photoemission
spectra of SmB6 divided by the Fermi-Dirac distribution
(FDD) [18] on the reduced energy scale of T expcoh . The
peak at (E-EF)/(kBT
exp
coh ) = −5 is the 4f multiplet exci-
tation (6H5/2) with lowest binding energy. The gap in the
PES data is getting deeper with decreasing temperature,
comparable to the behavior observed in the theoretical
DOS in Fig. 2. We compare now the experimental and
the theoretical spectra in more detail using their func-
tional relation to the scaling. If SmB6 has the scaling
property, the energy axis of the DOS can be rescaled
by setting w/TN = (E-EF)/(kBT
exp
coh ) to link with the ex-
perimental energy. Moreover, theoretical temperatures
can be matched with experimental temperatures T exp by
writing T/TN =T
exp/T expcoh .
To make the calculated DOS directly comparable to
the experimental spectrum, we treated the DOS by a nu-
merical procedure already successfully applied to metallic
systems [50]. The total DOS, which is the sum of f - and
d- DOS, was multiplied by the FDD, and convoluted by
a Gaussian function to consider the experimental broad-
ening due to finite energy resolution. Finally, the result-
ing spectrum was normalized to the FDD as shown in
Fig. 3 (b) in order to get comparable spectra to the ones
in Fig. 3 (a).
As a result, the scaled theoretical and experiment spec-
tra show a surprisingly good agreement in the tempera-
ture dependence of both the 4f peak and the gap open-
4ing. Note that the energy positions and the line widths
of the 4f peaks, and the size of the gap are on the scale
of the respective Tcoh, which was already theoretically
suggested [16, 23]. Moreover, above 60 K both gap cen-
ters appear to be below EF and shift closer to EF with
decreasing temperature, and below 20 K both spectral
weights at EF saturate for both theory and experiment.
Thus, with the theoretical and experimental Tcoh, i.e.
TN and T
exp
coh , the scaling yields the quantitative connec-
tion between the model calculation and the photoemis-
sion spectra. In light of the very crude choice of model pa-
rameters, this result is very impressive because it shows
that few key parameters, namely the mixed valence con-
figuration, and the coherence temperature, suffice to pro-
vide an account of the experiments. It indicates the
existence of one energy scale during the gap formation,
which involves the emergence of the coherent renormal-
ized bands that is a Fermi liquid. This results in the
universal temperature dependence of a mixed valent in-
sulator SmB6.
We have searched for correspondence between the
DMFT and PES spectra of SmB6 to understand the
correlation-driven emergence of the coherent 4f features
and the concomitant gap formation. The comparison re-
lies on the following four points: First, we have used the
photon energy hν > 40 eV to emphasize the 4f character
in the photoemission spectra, which takes into account
the dominant spectral weight of f states near gap region
in the model study. Second, we have considered only
the state 6H5/2 appearing at the lowest energy below
EF. Experimentally, the next lowest state
6H7/2, which
appears at the energy of E-EF≈ −0.18 eV [17, 19–21],
shows much less changes in both shape and intensity than
6H5/2, and thus shall be neglected for the contribution to
low-temperature behavior. Third, as Tcoh, defining the
onset of the gap opening, we selected a prominent char-
acteristic temperature found also in various experiments
on SmB6 [25, 26, 32–49], namely 50 K. And, fourth, to
make contact with the DMFT calculation, we have cho-
sen model parameters to obtain a system in the mixed
valence regime, where the occupancies still vary at tem-
perature near gap opening.
In summary, we have studied the characteristic spec-
tral features of SmB6 by simple DMFT model calcula-
tions and by photoemission spectroscopy. By scaling the
data with the respective coherence temperature, we have
obtained a considerable quantitative agreement between
theory and experiment, although the details of the band
structure of SmB6 have not been considered in the cal-
culations. The agreement gives strong evidence for the
existence of a scaling behavior in the electronic structure
of SmB6, which indicates that the formation of the coher-
ent quasiparticle states is essential for the gap opening.
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